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The ability to detect the fractionally charged quasiparticles that arise in the

fractional quantum Hall regime is of fundamental importance for probing
their quantum properties. Although electronic interferometers have
successfully probed their statistical properties, interpreting the results is
often complicated by bulk-edge interactions. Antidots—tunable hills in the
potential landscape in the device—are particularly valuable in this context,
as they overcome the geometric limitations of conventional interferometer
designs and act as controlled impurities. Here we demonstrate amethod
for extracting the charge of quasiparticles as they tunnel through an
antidot. To accomplish this, we employ a gate-defined bilayer-graphene
antidot operating in the Coulomb-dominated regime to study quasiparticle
tunnelling in both integer and fractional quantum Hall states and we report
direct measurements of fractional charge. Our derived theoretical model
indicates that the differences in the measured charges may be attributed

to variations in edge re-equilibration arising from a different parity of
downstreaminteger edge modes. The simplicity and tunability of this design
open a pathway to extending antidot-based charge measurements to other
van der Waals materials and establishing antidots as a broadly applicable
platform for studying topological materials.

The fractional quantum Hall (FQH) effect provides a versatile platform
for exploring topological states of matter. It is characterized by the
presence of fractionally charged quasiparticles. These excitations,
knownas anyons, carry fractional charge and exhibit quantum statistics
distinct from those of bosons and fermions'. Braiding experiments
using electronic interferometers® provide a direct probe of anyonic
statistics. The braiding of abelian anyons appears as phase jumps in
Aharonov-Bohm oscillations®*. Such phase jumps were first observed
atfilling factor v=1/3in GaAs Fabry-Pérot interferometers*® and more
recently ingraphene-based Fabry-Pérot interferometers’’. However,
in these experiments, the phase jumps occurred stochastically, as
they were caused by quasiparticle fluctuations in the bulk, and it was
not possible to control them. Recent experiments applying a chiral

Mach-Zehnderinterferometerin GaAs, whichincorporates anantidot
(AD) to control the number of bulk quasiparticles, have demonstrated
that phase jumps occur concurrently with a change in the number
of bulk quasiparticles'®". Although these results are important for
particle-like FQH states (for example, v=1/3), the presence of bulk-
edge interactions still obscures the outcomes in hole-like FQH states
(forexample, v=2/3)""2, These complications, therefore, limit the use
of Fabry-Pérotinterferometers and chiral Mach-Zehnder interferom-
eters for probing non-abelian quasiparticles in exotic states such as
v=5/2 (refs.13-15).

Another possible geometry is the quantum Hall AD, in which
anyons are localized around a potential hill'*'®, ADs have been exten-
sively studied in GaAs heterostructures in the integer quantum Hall
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Fig.1| Gate-defined AD inbilayer-graphene. a, Schematic of the device at
v=2showing the interaction between the inner extended edge and AD-bound
states (blue). The outer edge state (red) is fully transmitted. The graphite gates
areshownin purple, and the bottom hBN in blue. Only the edges of the top hBN
are shown for clarity. b, False-colour scanning electron microscope image of

an AD device. The ohmic contacts are shown in gold, the palladium contacts to
the graphite TG in dark orange and the graphite in purple. The top hBN (blue) is
visible in places where the top graphite has been etched. The AD area is defined
by the etched circle in the top graphite. A voltage V,.=10 pV (3 uV) was applied for
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the integer (fractional) oscillations, and the transmitted /, current was
measured. The voltage was measured across the AD V,and diagonally V; as well
asontheside of it V,,.c, Fan diagram of the transmitted resistance R, measured
across the AD as a function of the carrier density n and the magnetic field B.

d, Diagonal conductance G4for v=2as afunction of the SG voltage V,. As V,,
decreases, theinner edge can be selectively partitioned, and it crosses over

from full transmission (V,, =2 V) to full reflection (V,, -8 V). Eachinset
schematically represents the system at the corresponding shaded voltage range.
Scalebar:2 pm.

(IQH) regime >, and they played animportant role in the first detec-
tion of fractionally charged quasiparticles® . Although interference
measurements are essential, a complete understanding of anyonic
physicsalso requires the ability to manipulate individual quasiparticles
and directly verify their fractional charge €'. In this context, ADs are
predicted to be an ideal platform for studying non-abelian states®**
and controllably braiding non-abelian quasiparticles®®*".

Despite its simple geometry, not much has been explored in
graphene due to the challenges of fabricating high-quality tunable
ADs in van der Waals heterostructures. The few efforts with mon-
olayer graphene have been limited to the study of localized edges via
scanning tunnelling microscopy** or scanning gate microscopy®
and lithographically etched structures in hexagonal boron nitride
(hBN)-encapsulated or suspended graphene®**. However, these
approacheslack the tunability needed to control the coupling between
the extended edges and the AD-bound states.

Here we present a dual-gate-defined bilayer-graphene AD operat-
ing in the Coulomb-dominated regime as a platform for measuring
the charge of a quasiparticle tunnelling through the fractional bulk.
We observed Coulomb-dominated oscillations at both integer and
fractional filling factors, and we extracted the quasiparticle charge
directly from the conductance oscillations as a function of carrier
density and magnetic field. In particular, at filling factors 4/3 and
7/3, we identified tunnelling quasiparticles with charge e/3. How-
ever, atthe hole-conjugate filling factors, such as 2/3,5/3 and 8/3, we
measured different quasiparticle charges. Together with theoretical
calculations, our results reveal that, although these hole-conjugate
states appear nominally similar, they differ because of the presence of
the number of integer edge modes, which lead to distinct tunnelling
charges. Our findings are consistent with previous measurements
in GaAs heterostructures for the lowest Landau level (LL)”, while
revealing distinct behaviours for the higher LLs that have not been
previously studied.

Device description

AnADisapotential hillintroduced into atwo-dimensional electron gas
in a perpendicular magnetic field. In the quantum Hall regime, chiral
edge modes encircle the AD while extended channels carry current
along the device boundaries. The main effect of the AD potential is
to lift the degeneracy of the LLs encircling it by splitting the energy
spectrum into quantized levels, each hosting one charge carrier>>>*,
The energy splitting is related to the velocity of the edge mode v and
the diameter of the AD D,p, &€ = fiv/D, (ref. 36), where h is the Planck
constant. By tuning an external parameter, such as the magnetic field,
the top-gate (TG) or bottom-gate (BG) voltages, it is possible to control
the number of quasiparticles confined in the AD-bound states and to

detect them through resonant tunnelling between the extended edge
channels and the quantized AD-bound states.

InFig.1a, we present our gate-defined bilayer-graphene AD device.
TheADiselectrostatically defined by anetched holein the top graphite
gate (in our devices, the electrostatic diameter D, =300 nm; Supple-
mentary Information), withits density tuned near the highly resistive
v=0 state via a negative voltage applied to the bottom graphite gate.
Lithographically etched line cutsinthe top graphite define the TG and
two side gates (SGs), asshowninFig. 1b. The TG sets the filling factorin
the bulk v. Figure 1c shows the Landau fan outside the AD. A negative
SG voltage controls the number of edge states transmitted through
the constriction, which is formed by the ensemble of SGs and the AD.

Coulomb oscillations at integer filling factors
Webegin by studyingafirstdevice (AD1) ata perpendicular magnetic
field B=5T atinteger bulk filling factors, v=1-4. By tuning the SG volt-
ages, theinnermost edge state can be brought into proximity with the
AD-bound states. Figure 1d shows the diagonal conductance G4 as a
function of the SGvoltage V atv=2.

When the constriction is set on a quantum Hall plateau, charge
transport between the counterpropagating edgesis suppressed, result-
ingin constant G,. However, whenthe inner extended edge is brought
into proximity to the AD-bound states, charge carriers can tunnel from
the extended edges to the AD. When the chemical potential of an
AD-bound state aligns with the Fermilevel, a quasiparticle can tunnel
resonantly through the AD, leading to adip in the tunnelling conduct-
ance G4 Asthe magnetic field is adiabatically varied by asmallamount
(by a fraction of the quantum flux), the AD-bound states adjust to
maintaina constant enclosed flux. As the edge states move over the AD
potential to adjust their size, their energy changes accordingly. This
process generates periodic oscillations in G, with a magnetic field
period AB = ¢o/NA, where ¢, is the quantum of magnetic flux, N is
the number of tunnelling quasiparticles per quantum flux (N = v, in
thelQH regime)and A = mD3 /4 isthe AD area™.

The oscillations canalso be driven electrostatically by varying the
electrondensity viathe TG or BG at constantarea, giving rise to periodic
tunnellingresonances. This allows direct measurement of the tunnel-
ling charge gusing AV = q/CA, where Cis the gate capacitance per unit
area’*”, Inthefollowing, we varied the density using only the TG (for
BG oscillations or area variations, see Supplementary Information).

For eachfilling factor, the SG voltages were set such that the trans-
mission ¢ = 1. Figure 2a-d shows oscillations in the diagonal conduct-
ance as afunction of the variation of the TG voltage and the magnetic
field for the inner edge for filling factors v=1-4. Adip in the conduct-
ance appeared each time carriers could transfer from the higher to the
lower potential edge through the AD-bound states, asillustrated in the
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Fig. 2| Coulomb-dominated oscillations for integer filling factors.

a-d, Diagonal conductance G, oscillations as a function of a variation of the TG
voltage 6V, and the magnetic field Bfor the inner edge for filling factors v=1(a),
2(c),3 (b) and 4 (d). e, Schematic of the oscillation mechanism when varying
the magnetic field (top) or the charge carrier density (bottom), corresponding,
respectively, to the black and light blue arrows in c. £ is the Fermi energy.

f, Diagonal conductance G4as a function of a variation of the TG voltage 6V;, and
d.c.bias V., displaying characteristic Coulomb diamonds (trapezoidal regions

e 9
sl ¥ {60
— * 9’6
S =
~§57 * - 35 é
=] * 3
*
4 % 410
L L L L
1 2 3 4
\4
f h
380
121 +
S e E
£ o L il £
< S 10 330 f
el
N ] Jr a
08l ¥
L L L L 7280

1 2 3 4
v

where tunnelling through the AD is suppressed) for v=2at B=5T. The white
arrow indicates the direction of increasing number of electrons bound to the
AD. g, TG period AV (blue) and magnetic field period AB (red) as functions of the
filling factor v. h, Measured tunnelling charge (purple) and AD diameter (orange)
as functions of the filling factor v. The error bars in g and h were determined by
combining the procedure described in Methods with quadrature propagation of
statistical errors.

schematicinFig. 2e. To determine the oscillation period, we performed
atwo-dimensional fast Fourier transform (2D-FFT) (Supplementary
Information). We extracted from the main peak frequency the magnetic
field period ABand the TG period AV. The corresponding uncertainties
were obtained following the method described in Methods. Figure 2g
reportsthe extracted periods. AVslightly decreased with filling factor
due to the increasing number of encircling edge states®, whereas AB
decreased monotonically, consistent with the ¢o/N dependence'*®,
The latter yielded the AD diameter D, = 2+/¢o/mTABN , reported in
orange in Fig. 2h, which increased with the filling factor. Using the
geometric capacitance of the TG, C, and substituting the area depend-
ence from the magnetic field and gate period, the charge of the tun-
nelling particle can be written as

_ CoAV
~ NAB

@

Figure 2h shows the computed charge (purple) for different filling
factors. The calculated charge was 5% higher than the expected value
of one electron per period. We attribute this discrepancy to a small
dependence of the AD potential on the TG voltage, as reported in Sup-
plementary Information. Finally, we studied the d.c. bias V. depend-
ence of the oscillations. Figure 2f shows that the diagonal conductance
G, exhibited Coulomb diamond behaviour.

Coulomb oscillations at fractional filling factors
Next, we turnto the FQH regime. For this part of the study, we fabricated
asecond device (AD 2) with aricher set of FQH states. Figure 3a shows
the longitudinal resistance R,, measured outside the AD as a function
of the bulk filling factor vand the displacement field Dat B=13.5T.
For each fractional filling factor, we repeated the procedure
outlined for the integer case. The back gate was set to v< 0, and the
displacement field D was kept close to zero to ensure that all states
were measured under comparable conditions. Figure 3b-f shows the

diagonal conductance oscillations observed at fractional filling fac-
tors v=3/5,2/3,4/3,5/3 and 8/3. The displacement field D and the
corresponding v values at which these oscillations were observed are
marked by white dots in Fig. 3a.

For all oscillations, we performed a 2D-FFT to extract the oscilla-
tion periods following the same procedure used for the IQH regime
described in Methods, as well as the d.c.-bias dependence, as shown
inFig.3gforv=4/3.

Figure 4ashows the extracted gate periods (red) and field periods
(blue) for various filling factors, measured for the two different devices
(integer filling factors in ADs 1 and 2 and fractional filling factors in
AD 2) and at different magnetic fields. Although this section focuses
on the fractional states, we have also included the integer states for
completeness and clarity. For v=_8/3, measured at a magnetic field
B=13.5T, we report two data points (full and empty circles), corre-
sponding to the two observed oscillations described in Supplemen-
tary Information. The smaller oscillation has almost half the period
of the larger data point, corresponding to an oscillation appearing
between two larger oscillations. However, as this occurred only in
certain regions, we decided to retain both points. In the following,
we refer to them as the small (empty circle) and large (full circle) 8/3
oscillations, according to their respective periods.

A decrease in the magnetic field period with increasing filling
factor was observed, consistent witha ¢,/N dependence. The constant
N, determined solely by thefilling factor of the interacting edge, is the
number of quasiparticles with charge g transferred upon anincrease
of the magnetic flux by ¢, (ref. 38). We extracted these values by com-
paring the magnetic field periods. Assuming a constant area, theratio
of two field periods is inversely proportional to the ratio of their
Nvalues, namely AB,/AB,, = N,,/N,. We carried out this comparison
using the oscillations obtained at filling factor v=2 at their respective
magneticfields. Theratio 2AB,/AB=Nis plotted in Fig. 4b. The oscilla-
tionsfor AD2at B=8 T are not reported, as we did not perform meas-
urements at v=2.Theresults for filling factors v=3/5,2/3 and 1 closely
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Fig. 3| Oscillations in the FQH regime. a, Longitudinal resistance R, measured
outside the AD as a function of the bulk filling factor vand the displacement field
DatB=13.5T. This map closely resembles similar results observed in bilayer-
graphene, and it shows the emergence of strong even-denominator states,
v=1/2,3/2and 5/2inthefirst orbital LLs**~*. However, due to a highly resistive
charge neutrality point, it was not possible to observe any states below v=1/2,
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such asv=1/3 and 2/5.b-f, Diagonal conductance oscillations G, as a function of
the variation of the TG voltage 6V,, and the magnetic field B for v=3/5(b), 2/3 (c),
4/3(d), 5/3 (e) and 8/3 (f). The white dots inaindicate the values at which the
oscillations were taken. g, Diagonal conductance oscillations G4 as a function of
the variation of the TG voltage 6V,  and the d.c. bias V,. for v=4/3.

follow the N=1line, consistent with our integer results as well as with
previous studies®”””. Moreover, the results for filling factors v=4/3 and
5/3arecloseto N=4and N=5, respectively. We observed that the large
v=_8/3 oscillation was close to N=4, whereas the small oscillation was
closeto N=8, thelatter agreeing with its expected value corresponding
to a tunnelling charge equal to the fundamental charge for the filling
factor,g=e =1/3.For v=3, the integer result was recovered. However,
forv=4,the observed value exceeded the expected value of N=4, which
canbeattributed to a variation of the area, as will be discussed below.

Next, using the previously determined values of N, we computed
the AD diameter D, for different filling factors, as shownin Fig. 4c. All
diameters clustered around the same value D, = 300 nm, consistent
with the correct estimation of N.

The ratio between the gate periods provides information about
the charge of the tunnelling quasiparticle. Assuming a constant area
across different filling factors, the relation AV, /AV,, = q,/q,, holds,
where g, isthe charge of the tunnelling quasiparticle at filling factor v.
Using theinteger filling factors as areference for the electron charge,
this can be expressed as AV/AV, = g/e, where AV, is the gate voltage
required to tunnel asingle electron. Figure 4d shows this ratio for dif-
ferentfilling factors. For AD2at B=8 T, AV, = AV, was used, whereas for
allother cases, AV, =AV,. Asexpected for the IQH regime, filling factors
v=-2,1,2,3and 4 consistently fellaround the g/e=1line, independently
of the magnetic field at which they were measured. The filling factor
v =3/5 appeared close to g/e = 3/5, which is a deviation from the
expected value of g/e=1/5 (ref. 39).Filling factors v=2/3 and the large
8/3 oscillation followed the g/e = 0.66 line, as expected for v=2/3 and
in agreement with previous results for GaAs ADs?. Finally, the filling
factors v=4/3,5/3,7/3 and the small 8/3 clustered close to g/e=0.33,
withv=7/3showingalarger uncertainty due to the difficulty in identify-
ing the oscillation period.

Finally, we used equation (1) tocompute the charge of the tunnel-
ling quasiparticles for each filling factor, employing the same values
of Nused to determine the AD diameter. Figure 4e shows the quasipar-
ticle charge as a function of filling factor. The values align with those
obtained from the gate-period ratios in Fig. 4d, confirming that the
assumptionofanearly constantareaacrossfilling factorsisreasonable.
Forinteger filling factors, g/ewas close to1, as expected for tunnelling
of electrons. Fractional filling factorsv=4/3,5/3,7/3 and the small 8/3
oscillation fell near g/e = 0.33, whereas v=2/3 and the large 8/3 oscil-
lation were close to g/e=0.66.Finally, v=3/5appeared near g/e=3/5.

Discussion
Using the definition of the filling factor v=ng¢,/B and considering small
variations An (induced by AV) and AB, we note that the oscillation slope

Ce‘f\;’AABV always followed thefilling factor vat which they oscillations are

measured, as shownin Fig. 5a. Consequently, once Nwas determined,
theratio AV/ABalways yielded the fundamental chargee”:

q _ CpoAV v
e eNAB ~ N’ @

This can lead to a misinterpretation, with the extracted value being
ascribed to the tunnelling quasiparticle charge rather thanto the slope
of the oscillations determined by the filling factor. This is why it is
essential to compare the value obtained from the charge equation
(equation (1)) with the ratio AV/AV,, which provides a cross-check for
the correct charge determination. In our case, Fig. 4d,e shows agree-
ment among all measured filling factors, supporting the validity of
this approach.

Moreover, as the plotted ratio accounts only for density variations
(An=CAV/e), deviations from the orange line indicate changes in the
enclosed area. As shownin Fig. 5b, most data points lie within the +10%
band, confirming that area variations remained small, with a larger
discrepancy appearing only at higher filling factors, suchasv=4.

Astherobustness of the analysis has now been demonstrated, we
canproceed todiscuss the measured tunnelling charges. We observed
that for v=4/3,5/3,7/3 and the small 8/3 oscillation, the measured
quasiparticle charge g/ewas closeto the expected value of the minimal
excitation e =1/3. However, for v=2/3 and the large v=8/3, the meas-
ured values were closer to g/e = 2/3. This is consistent with the only
previous AD measurement at v=2/3 in GaAs (ref. 27). Note that shot
noise measurementsin GaAs found the chargeatv=2/3tobeg/e=2/3
at low temperature as well (but g/e =1/3 at higher temperatures)™°.
Although experiments that simultaneously measured both auto- and
cross-correlation ruled out quasiparticle bunching as the underlying
mechanism*, no detailed explanation has yet been given for the occa-
sional observation of ag=2/3 charge.

The naive picture of the 2/3 edge consists of a downstream
conductance-1 mode and an upstream 1/3 mode. However, Kane,
Fisher and Polchinskishowed thatin the presence of disorder-induced
scattering between the edges, the structure renormalizes to a single
downstream mode carrying conductance 2/3 with an upstream neutral

Nature Physics


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-026-03412-2

a
® AD2-B=135T A AD2-B=5T85
6l [0 AD2-B=8T  # AD1-8B=5T
¥ 165
— *
£
E ar 445
Eer : ;
) ¢
2L O + 3 é ® % 125
8 § e 'y
L L L L L L L L I L L 7 5
2 35 23 1 43 53 2 3 83 3 4
v
b
9 -
s |-
7L
Q
Q6
5 ¢ 3
< 4 1 ’
sl ) *
2 - 2
T - ® @
2 35 23 1 43 53 2 73 83 3 4
v
[
400 F
1
—_ + | w
€ . " l
£ 300 ) I
& ¢
200 C L L L L L L L L L L L
2 35 23 1 43 53 2 I3 83 3 4
v
d
133 |
Lo 100 - + +
g
3 066 - + + ] +
033 F é é T 4)
2 35 23 1 43 53 2 73 83 3 4
v
e
133 |
1.00 F + *
2
© 066 I + + *
0.33 - [} g + (i)
2 35 23 1 43 53 2 73 83 3 4

v

Fig. 4| Charge measurement. a, TG period AV (blue) and magnetic field
period AB (red) as functions of the filling factor v for oscillations measured
at different magnetic fields and for two devices: AD 1for integer filling
factorsand AD 2 for both integer and fractional filling factors. b, Ratio of the
field period at v=2, AB,, to the field period at each filling factor. The factor of
2 accounts for the ¢o/2 periodicity characteristic of v=2.c, AD diameter as a
function of filling factor v. d, Ratio of the gate period at each filling factor

to the gate period corresponding to asingle electron, AV,.ForAD2atB=8T,
AV,=AV_,was used, whereas for all other cases AV, =AV,. e, Quasiparticle
charge as a function of filling factor, computed using equation (1). In all
panels, the empty circle indicates the smaller oscillation at v=8/3.Inb, the
datafor AD2at B=8 T are not reported, as measurements at v=_2 were

not performed. In ¢, data for AD 1are omitted for clarity as they correspond
to adifferentdevice. The error bars were determined by combining the
procedure described in Methods with quadrature propagation of

statistical errors.

AB (mT)

mode****, Although at short length scales and high temperatures one
might see the first structure, at the lowest temperatures and longest
length scales, one should only see the renormalized structure.

Pursuing this line of reasoning, we repeated the renormalization
group calculation with n >1downstream unit-conductance modes and
an upstream conductance-1/3 mode (Supplementary Information).
We found that under most conditions, the equilibrated system did not
include a mode carrying 2/3 conductance at the lowest temperature
but instead included a 1/3 mode. However, in a scenario where the
ninteger modes were physically separated from the 2/3 edge, such
thatthe2/3 renormalized by itself, we rediscovered the Kane-Fisher—
Polchinski result.

We argue that this scenario is potentially in agreement with our
experiments as well as with previous works™**°, In fact, because the
v =1charge gap is fairly small, the edge modes were not physically
well separated from the nearby fractional edges. Thus, the v=15/3
edge should be in a regime where we observe a conductance-1/3
mode, in agreement with our observations. By contrast, the larger
v=2charge gap suggests that the fractional v=8/3 edge can maintaina
conductance-2/3 mode over abroad temperature range, again match-
ing the observed g=2/3 charge.

We emphasize that this renormalization group calculation is not
meant to be a full calculation of the expected AD oscillations, but it
does strongly point towards adirection for future theoretical analysis.
Furthermore, we note that the presence of a conductance-2/3 mode
at the fixed point does not immediately imply a tunnelling charge
g/e = 2/3; it merely allows for that possibility. For example, at the
Kane-Fisher-Polchinski fixed point, both g/e=1/3 and g/e = 2/3 have
the same scaling dimension.

However, we should also not neglect the possibility that Coulomb
chargingeffects, as described by Rosenow and Halperin***, played an
importantrole. In particular, for two oscillations with different tunnel-
lingamplitudes, if one of them dominates over the other, we would be
abletodetect only the strongest one, resulting inan apparentdoubling
ofthe tunnelling charge.

The physics at v=3/5is like that at v=2/3, in that the state also
renormalizes to a single mode carrying conductance 3/5 and several
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Fig. 5| Oscillationslope. a, Ratio of the TG period to the magnetic field period,
normalized by the TG capacitance per unit area and ¢/e, as a function of the
filling factor v. The dashed orange lines are guides to the eye. The oscillations
exhibit a slope corresponding to the filling factor v. b, Relative error of the

ratio of the TG period to the magnetic field period minus the filling factor. The
shaded orange band marks the £10% interval. The error bars were determined by
combining the procedure described in Methods with quadrature propagation of
statistical errors.
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neutral modes. Shot noise measurements have similarly shown that
at low temperatures, the measured Fano factor is closer to 3/5, like
our measured tunnelling charge, whereas at higher temperatures, it
approaches the expected value of e/5 (ref. 13).

Conclusion

In conclusion, we have demonstrated that a gate-defined bilayer-
graphene AD serves as a powerful yet simple platform for measuring
fractional charge in the quantum Hall regime. Owing to its versatile
design, this platform can be readily extended to other material systems,
for instance, for charge measurements in anomalous quantum Hall
states in rhombohedral graphene*®* or in twisted transition-metal
dichalcogenides*®*°. Moreover, our results indicate that the number
of integer edge modes in hole-conjugate states may govern edge
equilibration according to their parity. These findings highlight the
critical importance of understanding the re-equilibration processes
as a prerequisite for accessing and controlling non-abelian quantum
Hall phases.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-026-03412-2.
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Methods

Sample fabrication

The deviceswere fabricated using astandard van der Waals dry-transfer
technique. First, graphene and hBN were mechanically exfoliated from
bulk crystals onan SiO,/Sisubstrate. The desired flakes were identified
under anoptical microscope and an atomic force microscopeto check
for any flake impurities. The stack was assembled using home-made
poly(bisphenol A carbonate) (PC)/polydimethylsiloxane to pick up
all the flakes at a temperature of approximately 90 °C. The stack was
then transferred onto a doped silicon substrate with a 285-nm-thick
layer of thermally grown SiO, by melting the PC at a temperature of
approximately 180 °C. The measured stacks for AD1(AD2) hada56-nm
(45-nm) top hBN layer and a 33-nm (30-nm) bottom hBN layer.

Devices were patterned through several steps of electron-beam
lithography followed by reactive-ion etching and metal deposition.
First, the TG contacts were created by depositing an 18-nm Pd layer.
For AD 1, the device geometry was then defined through reactive-ion
etching, initially using O,, followed by SF, and then another O, step. The
electrode pattern was subsequently created by etching with SF, and
0,, followed by angled deposition of a 5nm/100 nm Cr/Au layer with
rotation. For AD 2 instead, the device geometry was defined through
reactive-ion etching, initially using O, and followed by CHF; + O,. The
electrode pattern was subsequently created by etching with O, and
then CHF; + O,, followed by angled deposition of a5 nm/12 nm/60 nm
Cr/Pd/Aulayer with rotation.

Finally, the TGwasrefinedin 30-s O, etch steps. During each step,
the two-proberesistance between each gate bridge-contact was moni-
tored to ensure that all gates were fully separated while minimizing
etching of the hBN and achieving narrow line widths™.

Measurements

Devices were measured in a dry dilution refrigerator (BlueFors) with
a base temperature of approximately 10 mK. Electronic filters were
installed on all transport lines to thermalize electrons. Resistances
were measured with lock-in amplifiers (MFLI, Zurich Instruments)
withal-Va.c.voltage excitation at 33.333 Hzfor AD 1and 107.777 Hz for
AD 2, applied through ahome-made voltage divider. The current was
measured through aK-tip variable-gain transimpedance amplifier,and
voltages were amplified by 100 at room temperature using low-noise
voltage preamplifiers (LI-75A) before being sent to the lock-in ampli-
fier. The d.c. voltage bias was set by a Yokogawa GS200, and for d.c.
bias measurements, we employed a home-made voltage adder. Gate
voltages were applied independently to each gate using dedicated
sources (GS200, Yokogawa). To improve the ohmic contact quality, a
positive silicon gate voltage V;=14.5 Vfor AD1and V;=53.2 Vfor AD2
was applied, which drove the graphene layer adjacent to the contacts
into a highly electron-doped regime.

The devices had ohmic contacts along the path of both upstream
and downstream extended edges, allowing for current injection and
differential chemical potential measurements across the AD. Unless
otherwise stated, all measurements were performed with an applied
voltage V,.=10 pV (3 pV) for the IQH (FQH) regime, while we measured
the transmitted current /.. The longitudinal resistance R, = V, /I, was
measured outside the AD, and the transmitted resistance R, = V,/I, was
measured across it. Measuring the diagonal voltage drop gave the
diagonal conductance through the AD, G4 =1/(V,) =v.€*/h, where v, is
the constriction filling factor.

Period and error estimation of the oscillation

Foreachfilling factor, the 2D-FFT provides information about the perio-
dicity of the oscillations. However, the 2D-FFT can produce artefacts
because the oscillations are not infinite but are abruptly truncated at
the limits of the magnetic field range and gate voltage range and due
to the presence of a background. To reduce these artefacts, a linear
background is subtracted from the raw data before performing the

2D-FFT to remove low-frequency features. Additionally, awindowing
function was applied to the curves before performing the 2D-FFT:

S(fafv) = Fap [W(B, V) x SB, V)]

where S(B, V) is the signal and W(B, V) is the windowing function, in
our case the Hamming function with the window size equal to the full
gate and field range.

Thecharacteristic period was typically extracted from the highest
peak of the 2D-FFT. In some cases, however, particularly for certain
regimes in the FQH regime, one peak could not be unambiguously
identified. In such cases, the periodicity was, instead, estimated from
the spacing between consecutive oscillations directly in the original
conductance signal. The oscillations selected were at the centre of the
conductance map, bothalong the magnetic field axis (horizontal) and
along the gate voltage axis (vertical). This choice was motivated by
the finite extent of the plateau, which typically spanned only approxi-
mately 200 mT and 50 mV. The choice can affect the periodicity of the
oscillations near its boundaries. Furthermore, the TG simultaneously
controls the coupling between the AD and the extended edge states,
introducing another source of variation in the oscillation periodic-
ity. This non-uniformity is one of the reasons why the 2D-FFT did not
alwaysyield sharp, well-resolved peaks, butinstead produced broader
spectral features.

To extract the period in a systematic and consistent manner, we
adopted the following procedure whenever no clearly identifiable peak
was present in the 2D-FFT. If a distinct peak was found that yielded a
value consistent with the periodicity observed in the conductance
map, that value was used directly. Otherwise, the procedure described
belowwas applied. Extended Data Figs.1and 2 report the full procedure
for all fractional oscillations used in the main textat B=13.5Tand B=
8T, respectively.

(1) We firstvisually identified the relevant oscillation period from
the two-dimensional conductance map. For each dataset, the
oscillations used for period identification are explicitly marked.
We preferentially selected oscillations near the centre of the
gate voltage and magnetic field range.

(2) Foreachvalue of TG voltage and magnetic field, we identified
peaks in the oscillations using the MATLAB findpeaks function.
The period was then estimated from the pairwise differences
between all detected peaks, and the resulting values were com-
piled into a histogram (Extended Data Figs. 1h-n and 2e-h).
The bin width was set to twice the measurement step size,
reflecting the minimum systematic uncertainty of the measure-
ment set-up.

(3) The histogram was fitted with a Gaussian function to extract the
mean value.

(4) Using the mean period obtained in step 3, we identified the
corresponding peak in the 2D-FFT closest to that value
(Extended Data Figs. 1o—u and 2i-n).

(5) Aline cut through the 2D-FFT at the identified peak frequency
was fitted with a Gaussian. The mean and variance of this fit
were used as the final estimates of the period and its uncertainty,
respectively (Extended Data Figs. 1v-bb and 20-w).

Theerror obtained in this way accounts for both the measurement
uncertainties and the statistical uncertainty of the oscillations.

Most of the measurements presented in the main text were carried
outwithadiscrete magnetic field step of dB=1mT, the lower limit of our
magnet power supply, and agate voltage step of dVV=0.1 mV, with scans
containing approximately Nz =N, =101 points. The minimal resolvable
frequencyinthe FFTis given by the range of the oscillations:

1
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However, the largest source of uncertainty arises from the finite size of
the FQH plateaux, which typically extended over alimited range. This
meant that only a limited number of oscillations could be observed
inboth the magnetic field and gate voltage before the system left the
fractional plateau. In practice, nomore than about ten oscillations can
beresolved; after this point, the bulk was no longer in the FQH plateau,
making it difficult to extract the periodicity with high precision. This
limitation directly increased the error on the extracted frequency,
as the frequency resolution is inversely proportional to the available
range. Thus, the shorter plateau length in the FQH regime compared
with the IQH regime is the dominant factor that limited the precision
of'the periodicity analysis.

Forv=8/3at B=13.5T, as described in Supplementary Informa-
tion, we performed the 2D-FFT in two separate regions to correctly
identify the periodicity. For the small oscillations, we took for the
error on the period twice the statistical uncertainty to account for
the difficulty in identifying the peak, given the smaller number of
observable oscillations.

Forv=7/3 at B=8T, the histogram had a very wide distribution,
which we attribute to the low visibility of the oscillations and the con-
sequent difficulty in reliably identifying peaks with findpeaks. In this
case, we relied solely on the periods indicated by the lines drawn on
the plot and applied the procedure from step 4 onwards. Our predic-
tion was supported by the d.c. bias map, which shows diamonds with
asimilar period to that estimated. We adopted for the error a con-
servative estimate of twice this value to reflect the higher uncertainty
in this measurement.

The MATLAB codes used for the period and error estimation are
available via Zenodo™.

Interpretation of N

Previous AD studies have focused only on the IQH effect or on the
FQH effect at filling factors below v=1(refs. 21,24,26,27,36-38,57,58),
where N =1 (for example, for v=2/3), or for integer filling factors,
N=v.However, Nshould be understood as the number of quasiparticles
transferred per quantum flux ¢,. This interpretation is particularly
clear for FQH states in a higher LL, where N takes different values, for
example, N=4atv=4/3and N=5atv=>5/3. The edge-counting approach
used in some previous works” would imply that there are only two
edges for v=4/3, leading to an estimated AD diameter far larger than
thelithographic size between the SGs (-450 nm).

Data availability

The datasupporting the findings of this study are available viaZenodo
at https://doi.org/10.5281/zenodo.20611205 (ref. 56). Other data are
available from the corresponding author upon request.

Code availability
The codes supporting the findings of this study are available via Zenodo
athttps://doi.org/10.5281/zenodo.20611205 (ref. 56).
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Extended DataFig. 1| Period and uncertainty estimationat13.5 T. Procedure by extracting the period from each top gate voltage and magnetic field line of
to extract the correct periodicity and its uncertainty for all fractional states the conductance maps. The data are fitted with a Gaussian to extract the mean
and thereference integer state v=2 used in the main text at 13.5 T. a-g, Diagonal value and its uncertainty. o-u, 2D-FFT of the oscillations. v-bb, Gaussian fit of the

conductance as a function of top gate voltage and magnetic field. The black lines 2D-FFT peaks used to extract the periodicity and its associated uncertainty.
indicate the peaks used as a first estimate of the period. h-n, Histograms obtained
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v=4/3
v="5/3
v="7/3

Extended Data Fig. 2| Period and uncertainty estimation at 8 T. Procedure

to extract the correct periodicity and its uncertainty for all fractional states

and thereference integer state v=—-2 used in the main text at 8 T. a-d, Diagonal
conductance as a function of top gate voltage and magnetic field. The black lines
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by extracting the period from each top gate voltage and magnetic field line of the
conductance maps. The data are fitted with a Gaussian to extract the mean value
and its uncertainty.i,I-n, 2D-FFT of the oscillations. 0-q,w, Gaussian fit of the
2D-FFT peaks used to extract the periodicity and its associated uncertainty.

indicate the peaks used as a first estimate of the period. e-h, Histograms obtained
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